The endocrine regulation of vertebrate reproduction is achieved by the coordinated actions of several peptide neurohormones, tachykinin among them. To study the evolutionary conservation and physiological functions of neurokinin B (NKB), we identified tachykinin (tac) and tac receptor (NKBR) genes from many fish species, and cloned two cDNA forms from zebrafish. Phylogenetic analysis showed that piscine Tac3s and mammalian neurokinin genes arise from one lineage. High identity was found among different fish species in the region encoding the NKB; all shared the common Cterminal sequence. Although the piscine Tac3 gene encodes for two putative tachykinin peptides, the mammalian ortholog encodes for only one. The second fish putative peptide, referred to as neurokinin F (NKF), is unique and found to be conserved among the fish species when tested in silico. tac3a was expressed asymmetrically in the habenula of embryos, whereas in adults zebrafish tac3a-expressing neurons were localized in specific brain nuclei that are known to be involved in reproduction. Zebrafish tac3a mRNA levels gradually increased during the first few weeks of life and peaked at pubescence. Estrogen treatment of prepubertal fish elicited increases in tac3a, kiss1, kiss2, and kiss1ra expression. The synthetic zebrafish peptides (NKBa, NKBb, and NKF) activated Tac3 receptors via both PKC/Ca 2+ and PKA/cAMP signal-transduction pathways in vitro. Moreover, a single intraperitoneal injection of NKBa and NKF significantly increased leuteinizing hormone levels in mature female zebrafish. These results suggest that the NKB/NKBR system may participate in neuroendocrine control of fish reproduction.
The endocrine regulation of vertebrate reproduction is achieved by the coordinated actions of several peptide neurohormones, tachykinin among them. To study the evolutionary conservation and physiological functions of neurokinin B (NKB), we identified tachykinin (tac) and tac receptor (NKBR) genes from many fish species, and cloned two cDNA forms from zebrafish. Phylogenetic analysis showed that piscine Tac3s and mammalian neurokinin genes arise from one lineage. High identity was found among different fish species in the region encoding the NKB; all shared the common Cterminal sequence. Although the piscine Tac3 gene encodes for two putative tachykinin peptides, the mammalian ortholog encodes for only one. The second fish putative peptide, referred to as neurokinin F (NKF), is unique and found to be conserved among the fish species when tested in silico. tac3a was expressed asymmetrically in the habenula of embryos, whereas in adults zebrafish tac3a-expressing neurons were localized in specific brain nuclei that are known to be involved in reproduction. Zebrafish tac3a mRNA levels gradually increased during the first few weeks of life and peaked at pubescence. Estrogen treatment of prepubertal fish elicited increases in tac3a, kiss1, kiss2, and kiss1ra expression. The synthetic zebrafish peptides (NKBa, NKBb, and NKF) activated Tac3 receptors via both PKC/Ca 2+ and PKA/cAMP signal-transduction pathways in vitro. Moreover, a single intraperitoneal injection of NKBa and NKF significantly increased leuteinizing hormone levels in mature female zebrafish. These results suggest that the NKB/NKBR system may participate in neuroendocrine control of fish reproduction.
gonadotropin-releasing hormone | kisspeptin | teleost | gonadotropin R eproduction is a highly integrated and complex function that requires synchronized production of gametes by both sexes at an optimum time for offspring survival. Fish show an enormous variety of reproductive strategies (1) , and were recently chosen as models for the study of growth, metabolism, and human diseases. The hypothalamic regulation of gonadotropin secretion in fish is different from that of mammals, from both endocrinal and anatomical aspects. In teleosts, the pituitary is innervated directly by neurons projecting to the vicinity of the pituitary gonadotrophs (2) . Among the neuropeptides released by these nerve endings are gonadotrophin-releasing hormones (GnRHs) and dopamine, which act as stimulatory and inhibitory factors on the release of luteinizing hormone (LH) and follicle-stimulating hormone (3) . However, new actors have recently entered the field of reproductive physiology: kisspeptins, neurokinin, and dynorphin have all been implicated in controlling GnRH (4).
Topaloglu et al. (5) found that humans bearing loss-of-function mutations of the genes encoding either neurokinin B (NKB) or its cognate receptor, neurokinin receptor 3 (NKBR, Tac3r) displayed hypogonadotropic hypogonadism; this seminal report implicated NKB signaling as an essential factor in the onset of puberty and control of gonadotropin secretion in mammals. Recent studies provided evidence that, in mammals, a group of neurons in the hypothalamic arcuate nucleus (ARC) are steroidresponsive and coexpress NKB, kisspeptin, dynorphin, NKBR and estrogen receptor α (6) . Compelling evidence indicates that these neurons function in the hypothalamic circuitry regulating GnRH secretion. The main objective of the present study, using zebrafish (Danio rerio) as a model, was to examine the involvement of NKB in fish reproduction.
NKB is a member of the tachykinin (TK) family of peptides. TKs are characterized by a common carboxyl-terminal amino acid sequence of FXGLM-NH 2 (where X is a hydrophobic residue), and include substance P, neurokinin A (NKA) and NKB, as well as neuropeptide K, neuropeptide-γ, and hemokinin-1 (7). NKB is the only TK synthesized from the preprotachykinin-B gene (8) , which is currently designated as TAC3 in mammals, except for rodents, where it was named Tac2. Because there are different names for the gene encoding NKB in different species (TAC3 or Tac2), in this article we will refer to mRNA products of this gene as tac3 mRNA and to the peptides as NKB. The receptor that binds NKB, which is termed NKBR in humans, will be termed tac3r at the mRNA level and Tac3r at the protein level.
Until now, NKB was not cloned from any fish species, nor was the NKB/NKBR system shown to be involved in reproduction or puberty. We report here the identification of previously unidentified fish NKB/NKBR genes and their possible involvement in the control of reproduction.
Results and Discussion
Cloning Two Types of tac3 and tac3r and Their Phylogenetic Analysis.
As the first step toward examining the involvement of the NKB/ NKBRs (tac3r) in the control of reproduction in fish, we report here the identification of the full-length tac3a and tac3b cDNA from zebrafish brain using real-time PCR with specific primers (Table S1 ). Tac3a contains the decapeptide sequence EMH-DIFVGLM ( Fig. S1A ) (accession no. JN392856), whereas tac3b contains a 24-aa peptide (STGINREAHLPFRPNMNDIFVGLL) (Fig. S1B ) (accession no. JN392857), both with the TK signature motif (FXGLM-NH 2 ) flanked by potential dibasic cleavage sites and an adjacent glycine at the C terminus for amidation (9) . Typically, following prohormone convertase action, a carboxypeptidase removes the C-terminal dibasic residues, and a peptidylglycine a-amidating enzyme converts the exposed glycine into a C-terminal amide (10) . At the protein level, the resulting zfNKBa (Tac3a) hormone precursor displayed around 25% identity with human or mouse TAC3, 55% with putative salmon Tac3a, and 52% with medaka Tac3 identified in this study (accession nos. BK008102 and BK008114, respectively). zfNKBb (Tac3b) showed only around 18% identity with human and mouse TAC3, 40% and 36% identity with salmon and medaka Tac3b, respectively. The zebrafish tac3s shared only a 36% identity ( Fig. S1 and Table S2 ).
In our search for the identification of Tac3 sequences containing the NKB peptide sequence in fish mRNAs and ESTs known to date, we encountered 30 previously unidentified piscine Tacs. We generated a phylogenetic tree of all available vertebrate neurokinin genes (Fig. 1A and Fig. S2A) ; it showed that the vertebrate neurokinin genes fall into several distinct lineage groups. The identified Tac3 precursors from fish were clustered with all other previously cloned or predicted Tac3 sequences from mammals, frogs, and alligators (Fig. 1A) ; a second lineage included Tac1 from both mammals and fish that were identified in the present study, and the third lineage included mammalian Tac4 and a unique piscine group, now named Tac4 (Fig. S2A) . No precursors containing the exact NKB sequence were found in invertebrate species (11) .
We cloned the full-length tac3ra and tac3rb cDNA from zebrafish brain by PCR with specific primers (Table S1 ). The predicted tac3ra and tac3rb N termini have features consistent with a signal peptide, as defined by SignalP program analysis (Fig. S1 ). Sequence analysis of the two types of zebrafish receptors identified distinct potential sites for N-glycosylation, phosphorylation by protein kinase C, protein kinase A, casein kinase II, tyrosine kinase, and N-myristoylation (Fig. S3) . The N and C termini are, as in other G protein-coupled receptors, the most divergent regions. In our bioinformatic search for NKB receptors we found four additional TK receptor genes in zebrafish. To enable assignment of the genes to the three TK receptor subfamilies already defined in mammals (12), we identified family members in additional species, particularly in other fish. The phylogenetic tree containing vertebrate TK receptors form three clearly separable groups that corresponded to TAC3R, TAC1R, and TAC2R (Fig. S2B) . Putative orthologs of NK receptor members were also identified in several nonvertebrate species, Caenorhabditis elegans, ciona, and octopus; these served as outgroup sequences in determining the root of these three groups, which was located between TAC2R and the others, indicating that these groups split early in the family evolution. The tree shows that TAC3R and TAC1R are closest to each other, suggesting that their separation was a more recent evolutionary event ( Fig. 1B and Fig. S2B ). Fish have one gene of Tac2r, and two genes each of Tac1r and Tac3r. Surprisingly, three Tac3r were found in zebrafish, the only species to have a third receptor of any one type. However, we were unable to clone this gene from brain mRNA, so it was excluded from further biological analysis. The similarity and identity among the various TAC3 receptors is shown in Table S3 .
We found two forms of tac3 genes in zebrafish and salmon, but more evolved fish contained only one tac3 ortholog; however, all fish species exhibit two forms of NKB receptors, suggesting that the piscine NKB/NKBR can provide an excellent model for understanding the molecular coevolution of the peptide/receptor pairs.
Gene Organization of tac3 and Chromosomal Synteny of Tac3 and
Tac3 Receptor. The in silico analyses of fish genomic structure verified that the zftac3 consists of seven exons (Fig. 1C) . In mammals the tac3 gene contains seven exons, five of which are translated to form the prepro-NKB protein (11) . Notably, the NKBa peptide sequence was encoded in the fifth exon [like in mammals (13, 14) ], whereas NKBb spans exons 3-5 ( Fig. 1C) . Surprisingly, unlike in mammalian NKBs (11), the deduced amino acid sequences of both zftac3 genes encoded an additional putative TK sequence flanked by a Gly C-terminal amidation signal, and typical endoproteolytic sites at both termini, suggesting that additional TK peptides (YNDIDYDSFVGLM-NH 2 and YDDIDYDSFVGLM-NH 2 , spliced from Tac3a and Tac3b, respectively) ( Fig. 1C and Fig. S1 ) are produced by the same precursors. Intriguingly, we found this additional peptide in tac3 not only in zebrafish but in all other fish species identified in this study (11 species), but not in chicken, lizard, or alligator. These peptides possess an N-terminal dibasic cleavage site with potential to release the peptide, and the common NKB motif FVGLM at their C terminal; therefore, we termed this unique peptide neurokinin F (NKF) because it has only been found in fish species to date. As Page et al. (11) anticipated, the vertebrate TAC3 gene encoded an additional TK in exon 3, in a similar position to substance P in TAC1, and endokinin A/B in TAC4. This TK (NKF) still exists in fish but was lost from other species during evolution. Interestingly, in Tac4 there is a similar loss of one active peptide in mammals (the C-terminal peptide in Tac4 as opposed to the N-terminal peptide in Tac3), whereas most fish species retain putative active peptides in both locations.
Chromosome syntenic analysis revealed that the locus of tac3 is highly conserved between teleosts (Fig. S4) . zftac3a is located on chromosome 23 and tac3b on chromosome 6. The only tac3 found in medaka is located on chromosome 7 (Fig. S4B) . For the zftac3 gene, the nearest neighboring gene (c1galt1a) is nonsyntenic, whereas the next nearest ones (b4galnt1a and slc6a1) were found in inverse order in humans (Fig. S4A) . Despite nearly perfect preservation of synteny, we found substantial shuffling of gene order along corresponding chromosome arms between zebrafish and human. The neighborhoods of gene loci of tac3a were conserved in the zebrafish and medaka (Fig. S4B) . We then explored the genomic locations of tac3 receptors in humans and various fish species (Fig. S4 C and D) . In human, TAC3R is located on chromosome 4, whereas in zebrafish, fugu (Takifugu rubripes), medaka (Oryzias latipes), and tetraodon (Tetraodon nigroviridis) tac3ra are located on chromosome 1, unplaced (UN), 1, and 18, respectively. The nearest neighboring gene (cnga2) of the zebrafish tac3ra gene is nonsyntenic with human, but syntenic with the medaka, fugu, and tetraodon. The nextupstream neighboring genes (bdh2, nhedc2, and cisd2) were found in similar locations in all analyzed species (Fig. S4C) . The human genome lacks tac3rb, which is present in tetraodon, fugu, and medaka. The next-upstream neighboring genes in the zebrafish (acy3.1, acy3.2, cldnd, and glb1) were found in reverse order in the tetraodon (Fig. S4D) . Tac3rc had no discernible synteny to any other family members. The presence of two forms of NKB [in zebrafish and salmon (salmo salar)] and two forms of cognate receptor genes in lower-vertebrate species supports the hypothesis of two rounds of genome duplication followed by degeneration and complementation of the genes. We conclude that the synteny is better within fish than with mammals; moreover, fish tac3 and tac3r have conserved synteny with the human genome, consistent with orthology.
Tissue Distribution of tac3 and tac3 Receptors in Zebrafish. To elucidate the physiological roles of the NKB/NKBR signaling system, we next examined the tissue distribution of both ligands (tac3a, tac3b) and receptors (tac3ra, tac3rb) mRNAs in zebrafish by means of real-time PCR analysis, according to Biran et al. (15) . We dissected the zebrafish brain into three parts, of which the anterior part contains the telencephalon, the midbrain contains the optic tectum, diencephalon, and hypothalamus and the hindbrain, the medulla oblongata and cerebellum. We mostly detected tac3a mRNA in the midbrain and tac3b mRNA was found mainly in the forebrain. Both tac3a and tac3ra were expressed in the pituitary ( Fig. 2A) , collaborating findings in mammals where NKB and NKBR were expressed in the median eminence, which is missing in fish (6). tac3rb was expressed in the forebrain and was highest in the ovary. Different types of tac3 and tac3r were expressed in the ovary and testis ( Fig. 2A) . Different levels of expression of tac3 and tac3r types were found in extrabrain tissues (Fig. S5) . The expression patterns of these genes in the brain-pituitary-gonad axis further support the potential role of the NKB system in fish reproduction.
Gene Expression of the NKB/NKBR System During Sexual Maturation.
Because it is known that the mammalian NKB/NKBR system is involved in reproduction, and especially in puberty initiation (16), we aimed to examine whether the piscine system fulfills a similar role. We used real-time PCR to evaluate the expression profiles of the zfNKBs and their receptor mRNAs in the brain during several development stages. Expression of tac3a mRNA was low at 2-4 wk postfertilization (wpf) (Fig. 2B) ; it then gradually increased, peaked at 8 wpf, when the zebrafish go through puberty, and subsequently decreased by 12 wpf (Fig.  2B) , when the gonads contained clear, well-developed oocytes or spermatozoa (15) . The expression of the tac3b, tac3ra, and tac3rb mRNAs in the zebrafish brain was low and did not change during sexual maturation. The increase of tac3a mRNA toward puberty, consistent with kisspeptin signaling initiating puberty (15, 17) , may indicate a possible involvement of the NKB/NKBR system in controlling puberty.
Localization of Embryonic tac3a
Cells by Whole-Mount in Situ Hybridization. The first appearance of tac3a expression was detected at 3 d postfertilization (dpf) in the right habenula nuclei and the midbrain (Fig. 3 A, F, and K) . The earliest stage that the signal was observed in the left habenula was at 4-5 dpf, when the signal intensity in the right habenula and midbrain increased, probably reflecting increased cell numbers (Fig. 3 B, C, G, H, L, and M) . In addition, there was expression in the hindbrain. Analysis of elderly larvae (7 and 9 dpf) revealed decreased tac3a signal intensity (Fig. 3  D, E, I , J, N, and O), and at 12 dpf it was barely detected. No signal was observed at any stage by use of the tac3a sense riboprobe. During embryogenesis tac3a was dominantly expressed in the righthabenula nuclei, but in adults it was expressed in both habenular lobes (Fig. 3P) . This asymmetrical expression of tac3a in the habenula is consistent with previous findings that the habenula in zebrafish displayed left-right asymmetries in gene expression (18, 19) . Interestingly, it was shown that neurons appear sooner in the left than in the right habenula (20) . Neuronal organization asymmetries in the epithalamus (i.e., habenular nuclei and pineal complex) are well known among vertebrates (21) .
Localization of tac3a mRNA in the Brain of Adult Zebrafish. By using in situ hybridization (ISH) techniques to determine the localization of tac3a mRNA in the zebrafish brain, we detected tac3a mRNAexpressing neurons in the habenula (Fig. 3P) , where kisspeptin 1 (kiss1) was previously shown to be expressed (22) . Tac3a was also detected along the periventricular hypothalamus ( Fig. 3 Q and R) , in the periventricular nucleus of the posterior tuberculum (Fig. 3Q) , and in the posterior tuberal nucleus (Fig. 3R) . These brain nuclei were previously found to express other important neuropeptides that regulate reproduction (17, 22) , metabolism (23) , and stress (24) . In the mammalian ARC, KISS1 neurons that coexpress NKB and dynorphin were hypothesized to be a central node through which potential stress, metabolic and photoperiodic signals regulate GnRH release (25) . The nuclear lateralis tuberis is considered as the piscine structure homologous to the mammalian ARC (23, 26) . The localization of tac3a, kisspeptin 2 (kiss2), kiss1 receptor b (kiss1rb), leptin receptor, melanin-concentrating hormone (MCH) 2 and two MCH1 receptors, Urotensin I, corticotropin-releasing factor, and corticotropin-releasing factor-binding protein to the ventral zone of the periventricular hypothalamus (Fig. 3Q) (17, (22) (23) (24) 26 ) might suggest that not all neuropeptide pathways are as conserved as formerly thought. This suggestion is supported by the recent findings that kiss2 is not expressed in the zebrafish nuclear lateralis tuberis, and that kiss2 neurons of the periventricular hypothalamus do not directly innervate the zebrafish pituitary (22) . Finally, the close similarity between the expression patterns of zebrafish kisspeptin genes and zebrafish tac3a suggests a possible interaction between A B Fig. 2 . Expression of zebrafish tac3a, tac3b, tac3ra, or tac3rb mRNA in various parts of the brain (A) and changes in zebrafish tac3a at various ages toward puberty (B) as determined by real-time PCR. The relative abundance of the mRNAs was normalized to the amount of elongation factor 1 α (ef1α) by the comparative threshold cycle method; the comparative threshold reflects the relative amount of the transcript.
Results are means ± SEM (n = 11-15). Means marked with different letters differ significantly (P < 0.05).
these two systems, as previously shown in mammals; however, this needs further investigation.
Pharmacological Analysis and Signal Transduction Pathways of zfTac3
Receptors. We used functional expression analysis with COS-7 cells to evaluate the response, binding selectivity, and signal transduction pathways of the unique TK receptors to their agonists. We previously showed the specificity of the reporter serum responsive element (SRE)-Luc and cAMP responsive element (CRE)-Luc, to activation of PKC/Ca 2+ and PKA/cAMP signal transduction pathways, respectively (15) . Graded concentrations of the zfTKs (NKBa, NKBb, and NKF), and of hNKB and its agonist senktide were applied to COS-7 cells that expressed hNKBR, zfTac3ra, or zfTac3rb. The EC 50 values of TKs for each receptor are summarized (Table S4 ). Both human and piscine TKs induced concentration-dependent increases in both SRELuc and CRE-Luc activity (Fig. 4 A-F) . For hNKBR, in both signal transduction systems, zfNKBa and NKF showed high potency, very similar to human NKB, but zfNKBb peptide exhibited relatively low potency (Fig. 4 A-D) . For both zfTac3 receptors, zfNKBa and NKF (both derived from tac3a) were similarly highly potent in both signal transduction pathways (Fig. 4) . These results confirmed that both zfNKBa and NKF were endogenous ligands of Tac3 receptors, and it is noteworthy that this report of activation of TK receptors by a second peptide derived from the NKB gene (zfNKF) is unique. However, NKBb was less effective than the other forms in eliciting luciferase activity by both signal transduction pathways. It was previously shown unequivocally that hNKBR potentially can couple directly to both phospholipase C and adenylate cyclase, and stimulate both phosphoinositides hydrolysis and cAMP formation (27) . Indeed both zftac3 receptors, as well as the hNKBR posses both PKC and PKA phosphorylation sites (Fig. S3) . These findings confirm that the unique zebrafish receptors relay their signal through both PKC and PKA transduction pathways.
Ligand Models. Fig. 4G is a ribbon representation of the zfNKB structural model prediction, compared with the hNKB (PDB ID 1p9f). Intriguingly, although the three zfNKBs vary in size-10, 24, and 13 aa for NKBa, NKBb, and NKFa, respectively-all of the predicted peptides yielded high-resolution, high-quality structures with typical globular folding. These structures comprised α-helix-loop motifs (highlighted in red in Fig. 4G ). All three zfNKBs model structures approximated a binding-competent conformation similar to the human NKB. Our results corroborate previous ones found for mammals that the formation of a helical conformation in the mid region of each of the TKs appears to be crucial for TK-receptor activation (28) . Moreover, mammalian NKB were found to form a helical structure in the presence of dodecylphosphocholine micelles (29) .
In Vivo Effect of Estradiol. Our next aim was to test the involvement of the NKB system in reproduction. In fish, clear evidence exists regarding the important role estradiol plays during the period of reproduction (1). Moreover, ISH was recently used to show that estradiol increased kisspeptin cell number in the ventral hypothalamus, where the zfkiss2 neurons are homologous to the estrogen-sensitive kiss1 hypothalamic neurons in medaka (17, 22, 30) . Similarly to mammals, zebrafish have two forms of GnRH: GnRH2 is localized to the midbrain tegmentum, and GnRH3 (considered to be the hypophysiotropic form) is located at both the olfactory bulb terminal nerve and the preoptic area (31) . Because in mammals kisspeptin and NKB are expressed in the same neurons in the hypothalamic ARC, and play a key role in physiological regulation of GnRH neurons (25), we tested the effect of estradiol on the expression of genes along the GnRHkisspeptin system. Estradiol treatment of prepubertal zebrafish enhanced expression of key genes involved in reproduction (gnrh3, kiss2, and kiss1) concomitantly with significantly increased tac3a (Fig. 5A) . In parallel, we also found significantly increased expression of tac3ra, tac3rb, and kiss1ra (Fig. 5B) . Both Tac3 receptors bound the zfNKBs (Fig. 4 A-F) , and Kiss1ra was shown previously to bind Kiss2, considered to be the more important form, with higher affinity than Kiss1 (32) . In mammals there is strong evidence of sexual dimorphism of NKB neurons: larger numbers of NKB neurons have been identified in ARC of ewes than of rams (33) . The transcription of NKB could be directly altered by estrogen receptors, as sequences corresponding to the estrogen responsive element and imperfect palindromic estrogen responsive element have been reported upstream of the TAC3 gene transcriptional start site (8) . In fish estradiol is involved in both early oogenesis and the beginning of the first wave of vitellogenesis that precede puberty (34), collaborating our finding that tac3a expression peaked in prepubertal fish (Fig. 2B) . Moreover, increased levels of estradiol are a required characteristic of both follicular growth and final oocyte maturation in fish (3, 35) , pointing toward the involvement of the piscine NKB system in control of reproduction, probably in concert with kisspeptin and GnRH.
In Vivo Effect of NKBs. We next tested the in vivo biological function of zebrafish NKB peptides. Single intraperitoneal injection of zfNKBa or zfNKF elicited significant LH secretion in sexually mature female zebrafish (Fig. 5C ). The magnitude of the induced LH discharge was comparable with that observed in response to GnRH. LH response to the hNKBR agonist, senktide, or zfNKBb was less pronounced (Fig. 5C ), in a similar way to the order of potency obtained in the transactivation assay (Fig.  4) . Our findings corroborate previous findings that activation of NKB receptors evoked potent LH-secretory responses in rodents, sheep, and monkey (4, 36-38). In conclusion, we provided detailed information on the organization of the NKB systems in teleosts, including the splice tac3 (NKF). We also show that the zftac3a, unlike zftac3b, expression increased toward puberty, increased in response to estradiol treatment, caused increase in LH secretion, and was abundantly expressed in the brain, notably in the hypothalamus. Tac3 receptors were expressed in the pituitary and gonads, suggesting that these ligand-receptor pairs are likely involved in the control of reproductive functions, during puberty or during diverse steps of reproduction.
Materials and Methods
Animals. Wild-type zebrafish were purchased from a commercial supplier (A & H). All experimental procedures were approved by the Hebrew University Administrative Panel for Laboratory Animal Care.
Data Mining, Phylogenetic Analysis, and Chromosomal Synteny. The putative Tac3 gene sequences were isolated from zebrafish by using a stepwise evolutionary strategy, with the mouse Tac2 protein (NP_033338.2) as firststep input, and extension to other genomes and ESTs, as described in the SI Materials and Methods. Details of sequences, phylogenetic analyses and synteny are presented in SI Materials and Methods.
Isolation of Zebrafish tac3 Ligands and Receptors. We designed specific primers for cloning the putative zfTac3 ligands and receptors (Table S1 ). The fragments were PCR-amplified from an adult zebrafish brain cDNA library and were cloned into pCRII-TOPO vector (Invitrogen).
Tissue Distribution and Expression Profiles. Tissue distributions of zftac3a, zftac3b, zftac3ra, and zftac3rb were determined by real-time PCR as previously described (15) . Tissue samples were collected from sexually mature postvitellogenic female and milt-producing male zebrafish, total RNA extraction, and cDNA samples were prepared as previously described (15) . To study gene expression of the NKB/NKBR system at different ages, 15 fish were randomly sampled at ages 2, 4, 6, 8, and 12 wpf. The brain was removed, and the pubertal stage classification was determined as described previously (15) . Elongation factor 1α (39) was used as a reference gene. The primer sequences, R 2 values, and slopes of the real-time PCR analyses, calculated by linear regression, are presented in Table S1 . applying Fmoc active-ester chemistry, purified by HPLC to >95% purity (GeneMed), and the carboxyl terminus of each peptide was amidated.
ISH Analysis of Embryos and
Receptor Transactivation Assay and Protein Structure Modeling. To study the signaling pathways of the recently identified zfNKBs, the entire coding regions of zftac3ra and zftac3rb were inserted into pcDNA3.1 (Invitrogen). The cDNA clone for hNKBR was obtained from the Missouri S&T cDNA Resource Center (www.cdna.org), and the luciferase assay was conducted (15) . Protein structures of zebrafish NKBa, NKBb, or NKF were predicted on the I-Tasser server (41, 42) .
In Vivo Experiments. Two-month-old prepubertal zebrafish were exposed to E 2 (Sigma) at a concentration of 5 μg/L (18 nM), or to vehicle (ethanol 100% to a final concentration of 33 μL/L), by immersion for 3 d. This relatively low concentration was used because the natural E 2 concentration in the plasma of adult vitellogenic female zebrafish was determined as 3-4 ng/mL (43) .
Each group of 10 fish was kept in a 3-L aquarium with water maintained at 28°C and replaced daily. After 3 d, fish were anesthetized and brains were removed. RNA extraction, reverse transcription of RNA and real-time PCR were carried out as previously described (15) . Adult female zebrafish were injected intraperitoneally with 20 pmol/g body weight of either saline, salmon GnRH analog [(D-Ala 6 ,Pro 9 -Net)-
mammalian GnRH], zfNKBa, zfNKBb, zfNKF, or senktide (n = 8 fish per group). Six hours postinjection the fish were bled (44) . Blood was centrifuged at 970 × g 30 min and the plasma was separated and stored at −20°C. Plasma from two animals were pooled (within each treatment) and analyzed for LH using ELISA for other Cyprinidae, carp, according to Aizen et al. (35, 45) .
